Modeling of Micro-machining Single-crystal f.c.c. Metals  by Zahedi, S.A. et al.
2212-8271 © 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of The International Scientifi c Committee of the “14th CIRP Conference on Modeling of Machining 
Operations” in the person of the Conference Chair Prof. Luca Settineri
doi: 10.1016/j.procir.2013.06.114 
 Procedia CIRP  8 ( 2013 )  346 – 350 
14th CIRP Conference on Modeling of Machining Operations (CIRP CMMO) 
Modeling of micro-machining single-crystal f.c.c. metals 
 
S.A. Zahedi, A. Roy, V.V. Silberschmidt* 
Loughborough University, Wolfson School of Mechanical and Manufacturing Engineering, Loughborough, LE11 3TU, UK 
 
* Corresponding author. Tel.: +44 0 1509 227504; fax: +44 0 1509 227504.E-mail address: V.Silberschmidt@lboro.ac.uk. 
Abstract 
Machining simulation is a challenging task for numerical method due to inherent difficulty of modelling large-deformation 
processes. Smoothed particle hydrodynamics is known as an efficient and numerically robust way for solving large-deformation 
problems. The paper intends to address concerns in ultra-precision modelling of material at the micron scale. For this, planing 
experiments provide detailed data in terms of cutting energy for one crystal orientation at a time; however, a turning setup provides 
near continuous data for the entire range of cutting directions for a given zone axis. This study presents turning of single-crystal 
copper with the use of SPH. The model is implemented in a commercial software package ABAQUS/Explicit using a user-de
subroutine. The validated constitutive model is then used to gain insight into the effects of crystallographic anisotropy on the 
machining response of f.c.c. cubic metals to cutting. 
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1. Introduction 
In recent years, mechanical micro-machining, 
including micro-drilling, micro-cutting, micro-turning, 
and micro-milling, has been an important tool in 
manufacturing of small-sized components with complex 
geometries. Micro-machining processes are widely used 
in the aerospace, biomedical, automotive and 
microelectronics industry in production of electric, 
piezoelectric, semiconductors, magnetic and optical 
components for high-performance systems such as 
transducers, resonators, actuators and sensors. At such 
small scales, the crystalline orientation, size and 
presence of grain boundaries influence the overall 
machining characteristics and can affect reliability of 
components. Machining accuracy is affected by 
numerous factors, such as the workpiece’s properties, 
and there is a need for a fundamental understanding of 
the material’s behaviour under high strain and strain 
rates, characteristic to this process.  
The cutting force is one of the governing parameters 
de ning ef  In micro-
machining, tool-workpiece interaction occurs within 
either a single grain of the workpiece material or only a 
few grains. Thus, crystallographic orientation of the 
workpiece material can exert a significant effect on 
cutting forces [1-3]. Thus, there is an industrial need for 
robust modelling tools with predictive capability to 
characterize a component’s response to thermo-
mechanical loading states. This would reduce the need 
for extensive experimental studies, which are expensive, 
and also help to extend the usability envelope of next-
generation components to untried levels of load and 
environment conditions. 
While large bodies of experimental evidence suggests 
a strong dependence of machining response on 
crystallographic orientation, relatively few attempts have 
been made to incorporate the effects of this anisotropy 
into machining models effectively [4-7]. This is 
primarily due to the inherent difficulty of modelling 
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large-deformation processes at high strain rates in a 
numerically robust way. 
In the last few decades, the finite element (FE) 
technique has been extensively used to gain insight into 
the underlying mechanisms that drive a plastic response 
in high-deformation problems. Two modelling 
approaches, namely, Lagrangian and Eulerian, have been 
used. However, both techniques have well documented 
limitations when dealing with high-strain processes. The 
Lagrangian approach, where the frame of reference 
evolves with the material, cannot resolve large material 
deformations due to excessive element distortion, which 
leads to numerical difficulties in resolving shape-
function derivatives. The Eulerian scheme, on the other 
hand, is unable to accurately monitor the evolving 
process zone, which is critical in machining processes. 
The smoothed Particle Hydrodynamic (SPH) approach 
[8] has several advantages, especially in the study of 
large-deformation processes. First, in SPH, which is a 
Lagrangian scheme, advection is treated in an exact way. 
Also, multi-material interface problems, that are usually 
a challenge for traditional FE schemes, are trivial in 
SPH. One of the major advantages of particle methods is 
that they may be treated as a bridge between continuum 
and discreteness in a natural way.  
A model process is quite complex; as a result, 
majority of micro-machining studies use the orthogonal 
planning scheme, which is the simplest geometric 
configuration. While planing experiments provide 
detailed data in terms of cutting energy for only one 
crystal orientation at a time, the turning configuration 
provides near-continuous data for the entire range of 
cutting directions for a given zone axis. This paper 
presents a model for this configuration using SPH to 
describe the cutting process. Crystalline anisotropy is 
implemented into the model using the commercial finite 
element software ABAQUS/Explicit by means of a user-
de
model is implemented to account for the strain-
hardening behaviour of slip systems involved in the 
deformation process. 
2. Smoothed particle hydrodynamics 
SPH is a mesh-free Lagrangian numerical method, 
where a set of particles is used to represent a continuum. 
SPH involves the motion of a set of particles. At any 
time, hydro-dynamical parameters such as pressure, 
velocity, density, etc. may then be tracked at these finite 
particles, which move with material deformation. In 
SPH, a function )(xf  is introduced by an integral 
representation [8] 
xdhxxWxfxf ),()()(  (1) 
where )(xf  is a scalar function of the three-
dimensional position vector of x , is the volume of 
the integral that contains x , ),( hxxW  is a 
smoothing kernel function and h  is supporting radius. 
The function W  should satisfy three following 
conditions: 
 
1),( xdhxxW  
(2) ),(),(lim 0 xxhxxWh  
ohxxW ),(  when khxx  
 
where )(x  is the Dirac delta function and k  is a 
constant related to the smoothing function for point x  
and defines the effective (non-zero) area of this function 
known as support domain of that point. The continuous 
SPH, the integral representation for )(xf  can be 














where jm  and j  are the mass and density of the 
particle. Hence, (3) states that the value of a function at 
particle i  is approximated using the average of those 
values of the function at all the particles in the support 
domain of this particle weighted by the smoothing 
function. The SPH computational framework is available 
in ABAQUS/Explicit and was readily used in our study. 
3. Crystal plasticity 
The crystal-plasticity (CP) framework used for 
description of the deformation behaviour of a single-
crystal of copper is summarized as follows. The 
evolution of plastic strain rate is related to the slipping 







where N  is the total number of available slip systems, 
ij  is the Schmid tensor and equals to a dyadic product 
of the slip direction is  and the slip plane normal jn  in 
the initial unloaded configuration. The plastic slip rate in 
a slip system  was presented by Hutchinson [10] in 
the form of a viscoplastic power-law expression: 




)sgn( . (5) 
Here, o  is the reference strain rate,  is the 
resolved shear stress on the slip system , obtained by 
the Schmid law ( ijij ), n   is the material’s rate 
sensitivity and )sgn(  is the signum function of . g   
is the strength of the slip system   that characterizes 





The hardening moduli h  in (6) are evaluated using the 













   
  (7) 
where 0h  is the initial hardening parameter, q  is the 
latent hardening ratio and assumed to be 1, is the 
Taylor cumulative shear strain on all slip systems and 
0tTg  and satTg are the shear stresses at the onset of 
yield and the saturation of hardening, respectively.  
In a f.c.c. single crystal of copper, slips may occur on 
12 individual slip systems, composed of three directions 
[110] on four distinct planes (111). Material parameters 
used in the FE simulations are listed in Table 1, where 
each slip system assumed to have the same values of 
plastic parameters.  
Table 1. Material parameters of single-crystal copper [12] 
Elastic parameters Parameters of slipping rate 
Hardening  
parameters 
 16811C GPa 
4.12112C GPa 






 160 MPa 
4. Turning model 
The modelled turning configuration consists of a disk 
of single-crystal copper with the cutting tool moving 
along the disk perimeter while the disk is rotated. 
According to experimental observations of Cohen [14], 
in one complete revolution the force pattern behaviour 
shows periodicity with four repeating trends. Hence, a 
quarter revolutions of the disc was modeled in our study. 
A schematic of the cutting model is shown in figure 1(a) 
with the relevant orientations. To eliminate the effect of 
boundary on the predictive capabilities of the developed 
model, the disc is considered to range from 10  
to 100 . That is, we consider two additional 
10 sectors, for a 90 (i.e. a quarter disc), model. The 
tool was model to rotate clockwise ( ) along the fixed 
zone axis [abc] in the simulation. The workpiece was 
modelled as a deformable body and the tool a rigid body. 
The workpiece was meshed with PC3D element type 
(Fig. 1 (b)). The cutting geometries and parameters are 
listed in Table 2. The crystal-plasticity model described  
 
Table 2. Specification of micro-machining simulation 
 
Cutting velocity: 0.5 mm/s Tool rake angle: 40º 
Depth of cut: 0.11 mm Disc outside diameter: 15.875 mm  
Width of disc:  0.1 mm Disc inside diameter: 14.5 mm 
 
earlier was implemented in a FE software package 





Fig. 1. (a) Configuration of crystal directions; (b) 3D finite-element 
model of micro-machining. 
(a) 
(b) 
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5. Results and discussion 
The specific cutting energy is defined as the energy 
required to remove a unit area of material. It is 
calculated by dividing the measured cutting force by the 
chip area, which is computed from the product of uncut 
chip thickness and the width of the cut. To validate the 
proposed model, the variation of specific cutting energy 
obtained from the model was compared to the data by 
Cohen [13] obtained in a diamond-turning experiment 
on a single crystal of copper preformed inside an SEM. 
As shown in Fig 2, the variation of cutting energy 
matches well with experimental results.  
 
 
Fig. 2. Comparison of model predictions and experimental data [13] 
for [100] zone axis. 
To study the effect of the cutting direction and 
crystallographic orientation on the cutting energy, four 
fixed axes were chosen: [101], [111], [213] and [216]. 
The calculated cutting energy as a function of 
crystallographic orientation , is shown in Fig 3. The 
effect of crystal orientation is evident from the figures. 
As the disc is continuously in rotation, the calculated 
minimum forces are associated with the maximum shear 
angles. For each quarter revolution, the primary cutting 
force was observed to have a major peak and a valley as 
well as a minor peak and a valley. 
The results from the turning studies demonstrate the 
effect of the anisotropy of f.c.c crystals on the specific 
cutting energy, inducing variation of up to 400% at 
different crystallographic orientations for the selected 
orientation studied, for the copper crystal. The [216] and 
[100] zone axes exhibit the minimum and maximum 
values of mean specific cutting energy, respectively. It 
means that machining in [216] consume less energy in 
comparison to other studied cases. For selected 
orientation studied while in the [101] cutting direction, 
59° rotation produced the minimum force, the maximum 
force was consistently observed to occur at an offset of 
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Fig. 3. Variation of specific cutting energy for different zone axis (a) 
[101], (b) [111], (c) [213] and d) [216] in modelling of micro-
machining. 
6. Conclusion 
The SPH approach in modelling micro-machining 
process in the small scale is shown to be a viable method 
for simulation of large-deformation problems without 
compromising the underlying physical mechanisms that 
drive deformation in crystalline materials.  
The influence of the anisotropic crystallographic 
orientations on cutting energy was calculated. The 
variation of cutting energy at different crystallographic 
orientations can vary up to 400% for micro-machining 
process of crystalline copper. 
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